Light Scalar Tetraquark Mesons in the QCD Sum Rule 
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We study the lowest-lying scalar mesons in the QCD sum rule by considering them as tetraquark 
states. We find that there are five independent currents for each state with a certain flavor structure. 
By forming linear combinations, we find that some mixed currents give reliable QCD sum rules. 
Among various tetraquark currents, we consider those which are constructed by the diquarks having 
anti-symmetric and symmetric flavor structures. That the results of the QCD sum rule derived from 
the two types of currents are similar suggests that the tetraquark states can have a large mixing 
between different flavor structures. 
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I. INTRODUCTION 



The light scalar mesons (7(600), k(800), ao(980) and /o(980) compose a nonet with the mass below 1 GeV fU, 0, H, 
0iSH01- Almost thirty years ago, Jaffe suggested that they can be tetraquark candidates, which can explain the 
i-S^ ' mass spectrum of the light scalar mesons and also their decay properties '8] (See also Ref. .9] for recent progress). 

So far, several different pictures for the scalar mesons have been proposed. In the conventional quark model, 
O • they have a qq configuration of '^Pq whose masses are expected to be larger than 1 GeV due to the p-wave orbital 
O ] excitation Moveover, by a naively counting of the quark mass, the mass ordering should be TOo- ~ mag < ti^ < 
i TO/o- They are regarded as chiral partners of the Nambu-Goldstone bosons in chiral models {n, K,ri,r]') [llj], and 
their masses are expected to be lower than those of the quark model due to their collective nature. Yet another 
ps) interesting picture is that they are tetraquark states [H, IH, [H, [H, [H, [13, [H, [H, [131 ■ In contrast with the qq 
I> ' states, their masses are expected to be around 0.6 - 1 GeV with the ordering of rUa < < Wao./o, consistent 
, with the recent experimental observations P, [1, [^ . The lightness of these states is expected to be explained by the 
■ strong attractive quark correlation in the scalar and isoscalar channel. There are some lattice studies supporting 
*^ _ this 2]]. 2 p|. B esides their masses, the decay properties are also interesting and important, and are studied in many 



papers [23|, |2J, |25|, |26|, |27| . 

C ' In our previous paper, we found that there are five independent currents for the tetraquark udss of quantum 
numbers = 0^, and performed a QCD sum rule analysis using both the single currents and the mixing between 
two of them [28|. In this paper, we follow the same procedure and perform the QCD sum rule analysis for the light 
scalar mesons. We find once again that there are five independent currents for each scalar tetraquark state. We 
perform a reliable QCD sum rule by using mixed currents, and obtain the masses of the light scalar mesons. The 
Jv>( results are consistent with the experiments. The present discussion is an extension of our recent work shortly reported 
in Ref. HI. 

Unlike qq and qqq currents, tetraquark currents have complicated structure due to multiquark degrees of freedom. 
In order to explain the essential point, it is sufhcient to adopt a diquark construction for tetraquark currents. An 
alternative method of mesonic construction is completely equivalent to the former [28] . The tetraquarks contain a 
diquark and an antidiquark having either symmetric or antisymmetric flavor structure. In the flavor SU(3) symmetric 
limit, they correspond to 6f or 3f. As we will discuss in the next section in detail, both diquarks can be used to 
construct independent tetraquark currents for scalar mesons. More generally, there are some independent currents 
for a given spin with different flavor structures. This is very much different from the ground state baryons, where 
different flavor representations 8 and 10 correspond to different spins 1/2 and 3/2, which induce a mass splitting 
between A(1232) and iV(939). 

In this paper, first we construct the tetraquark currents using diquark and antidiquark fields having the antisym- 
metric flavor 3f (8) 3f , which is in accordance with the expected light scalar nonet. Furthermore, we construct another 
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set of tetraquark currents by using diquark and antidiquark fields having the symmetric flavor 6f (E) 6f . We do not, 
however, consider other possibilities such as 6f (g) 3f, since they can not produce tetraquark currents having the scalar 
quantum numbers (color singlet and = 0+). Then as we have done previously [23|, we show that there are five 
independent currents for both constructions. We will then search linear combinations of the currents that optimize 
the QCD sum rule and reproduce the results compatible with the expected light scalar mesons. While performing a 
QCD sum rule analysis, we also find that the results of the two constructions have some similarities. In fact, if we 
work in the SU(3)f limit, we obtain identical results for the operator product expansion (OPE). 

Since the scalar mesons, especially a, decays strongly to two pseudoscalar mesons, their effects should be significant 
for quantitative discussions. The contamination from such two-meson decay should be removed when performing 
the QCD sum rule analysis, which is however a difficult theoretical problem so far. Nevertheless we consider a 
phenomenological method by adding another parameter corresponding to a decay width for the QCD sum rule 
analysis. 

This paper is organized as follows. In Sec. |lTl we establish five independent tetraquark currents of = and 
construct mixed currents for a, k, ao and /o- In Sec. IIIH we perform a QCD sum rule analysis by using single 
currents. In Sec. IIV| we perform a QCD sum rule analysis by using mixed currents. In Sec.|Vl we consider the effect 
of finite decay width, which is important for the cases of a and n. In Sec. IVIi we perform a QCD sum rule analysis 
for conventional qq scalar mesons and compare the result with those of tetraquark sum rule. Sec. IVIII is devoted to 
summary. In Appendix. [Xl we study the relations between {qq){qq) and {qq){qq) structures. 



II. TETRAQUARK CURRENTS 

There are many possibilities to construct tetraquark currents. Let us classify them first by flavor quantum numbers. 
In the SU(3) flavor limit, a diquark or an antidiquark carries the flavor 

3f(g)3f = 3fe6f, or 
3f(g)3f = 3fe6f. 

We follow the method in our previous work [2^ . where tetraquark currents are formed by a local product of diquark 
and antidiquark fields. In order to make a scalar tetraquark current, the diquark and antidiquark fields should have 
the same color, spin and orbital symmetries. Therefore, they must have the same flavor symmetry, which is either 
antisymmetric (3f (8) 3f) or symmetric (6f (8) 6f). The possible flavor quantum numbers of the tetraquark states are 
then 

3f(8)3f = lf®8f, 

6f(g)6f = Ife8fe27f, (1) 

where the corresponding weight diagrams are shown in Fig. [TJ The scalar nonet 1 + 8 is therefore included in both 
representations, independently. For 3f x 3f = If + 8f , k and ao are the members of 8f while a and /o can be either 
in If or in isospin / = component of 8f . Or, they can also mix and in particular the ideal mixing is achieved by 

W) = y||lf)-y||8f,/ = 0), 

l/o) = y||lf) + yi|8f,/ = 0), (2) 

where only isospin symmetry is respected and the currents are classified by the number of strange quarks. We can 
find another set of linear combinations for the symmetric case. Hence, denoting light u, d quarks by q, a currents are 
constructed as qqqq, k currents by qsqq and oq and /o currents by qsqs. A naive additive quark counting for this 
construction is consistent with the observed masses, ct(600), k(800), ao(980) and /o(980). Also, in the QCD sum rule 
we find that the ideal mixing is needed in order to reproduce the expected mass pattern of cr, k, oq and /g. 

Using the antisymmetric combination for diquark fiavor structure, we arrive at the following five independent 
currents 

Vi = (wrC7p754)(^2a7^75CdT-u,7''75CdT), 

= (w^Ca^,4)(Saa'"'CdT + 72,(7'"' CdT), (3) 
K = (7.rC7^4)(«a7''CdT + ^a^C(iT), 

= {ulCdl,){UaCd^ - UtCd^) . 
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6x6 = 1 + 8 + 27 

3x3=1+8 



• + ^ ® ^ . + ^ ® ^ + 



FIG. 1: SU(3) weight diagrams for tetraquark states of antisymmetric and symmetric diquarks (antidiquarks). 



where the sum over repeated indices v^ - ■ ■ for Dirac, and a,b, - ■ ■ for color indices) is taken. Either plus or minus 
sign in the second parentheses ensures that the diquarks form the antisymmetric combination in the flavor space. 
The currents S, V, T, A and P are constructed by scalar, vector, tensor, axial-vector, pseudoscalar diquark and 
antidiquark fields, respectively. The subscripts 3 and 6 show that the diquarks (antidiquark) are combined into the 
color representation 3c and 6c (3c or 6c), respectively. 

We will perform the sum rule analysis using all currents and their various linear combinations. We will find that 
the results for single currents are not always reliable. In fact, we will find a good sum rule by a linear combination of 
and 

rjl = cos 9AI + sin OV^ , (4) 

where 6 is the mixing angle. As we will discuss in Sec. IIVI the best choice of the mixing angle turns out to be 
cot = 1/V2- The mixed currents for k, ag and /o can be found in the similar way 

rjl = cos OA'^ + sin 9V:^ , 

rj1<> = cos OAf + sin OV^" , (5) 
7y(o = cosM^° +smevi'' . 

where the best choices are still cot 6* = l/\/2. 

The QCD sum rule results for and /o give the same results. For simplicity, we will use the charged oq current 

•ql" = cose Al°+ + fi\neV^'°+ (6) 
= cos9{ulC-i^,Sb){da-l^Csl + 47^Csf ) + s\ne{ulC-i^,-i^Sb){dal^l^Csl - dtj^'j^Csl) . 

We can also construct the tetraquark currents of — 0+ whose diquark and antidiquark have the symmetric flavor 
structure. We use the same superscripts a, k and oq because of the same quark contents. There are five independent 
currents 

= qICj,.l5qt{qari5Cql + qtri5Cq^), 
n = qJC<J^.qb{Qaa''''Cqf - qta^'-Cq^) , (7) 

^3 = iIc^MQarcqf-qbrcq];), 

= q^CqtiqaCq^ +qbCq^). 

The quark contents are -^(^{uu}{uu} — 2{ud}{ud} + {dd}{dd}^ which compose an isoscalar tetraquark. Either plus 

or minus sign in the second parentheses ensures that the diquarks form the symmetric combination in the flavor space. 
We construct the similar mixed currents for k, oq and /o 

77^ = cosM^ + sin6lVg'' , 

7]^ = cosM^ +sin6lVe'', (8) 

= cosM;^° +sin6IV6°° , 

4° = coseA^^° +smev/° , 
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TABLE I: Diquark properties of single currents. 
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Here the optimal choice of the mixing angle is cot 9 = \/2 for 772 and 772°, but with a slightly different value for 773, 
which is 1.37. 

The currents rji and 772 have similar structure. We can interchange them under the exchange of 7^ <~> 7^7.5. We 
choose the mixing angle cot6' = l/V^ for 771, which corresponds to cot 9 = -\/2 for r]2. 

Concerning linear combinations, we have tested more general cases by using all five currents. However, we could 
not find significant improvements over the present results of using the two currents. 

In TablelH we show the diquark properties of ten single currents. The parity can be obtained by using P = (— )^. 
The structures of tetraquark currents are complicated. The flavor symmetry is not subject to constraints due to the 
color, spin and orbital symmetries. If the diquark and antidiquark have the antisymmetric flavor, they can have both 
the antisymmetric color 3c ^ 3c (Sf , and P^) and the symmetric color 6c ^ 6c {Tg and Ag); they can have both 
the antisymmetric spin Os ^ Os (5*3 and V^) and the symmetric spin Is ® Is (^g ^'^'^ ^3)'^ they can have both 
positive parity (S'f and Aq) and negative parity (Kf and P^)- 

The situation is the same for the color, spin and orbital symmetries. If the diquark and antidiquark have the 
antisymmetric color 3c ® 3c, they can have both the antisymmetric flavor (S'f , and P^) and the symmetric flavor 
{T^ and A3); they can have both the antisymmetric spin Os ® Os (5*3 and V^) and the symmetric spin Is (Xi Is (^f 
and -Pf ); they can have both positive parity {S^ and ) and negative parity {V^ and P^). 

We can also construct {qq){qq) currents. We find that they are equivalent to the {qq){qq) currents. We will explain 
in detail the relations between {qq){qq) and {qq){qq) structures in the Appendix. \X[ 



III. ANALYSIS OF SINGLE CURRENTS 



In QCD sum rule, we can calculate matrix elements from QCD (OPE) and relate them to observables by using 
dispersion relations. Under suitable assumptioiis, the QCD sum rule has proven to be a very powerful and successful 
non-perturbative method for the past decades [lo, [3l| . Recently, this method has been applied to study tetraquarks 
by many authors [s^. [ssl [3^. [bsI. Ist} . In the QCD sum rule analyses, we consider two-point correlation functions: 

Il{q^) = I f d (0 1 T77(x) 77^(0)10), (9) 



where 77 is an interpolating current for the tetraquark. We compute Il{q^) in the operator product expansion (OPE) 
of QCD up to certain order in the expansion, which is then matched with a hadronic parametrization to extract 
information of hadron properties. At the hadron level, we express the correlation fmiction in the form of the dispersion 
relation with a spectral function: 

ii{p) = r —^^^ds , (10) 

where 

Pis) EE J2S{s-A'Omn){n\^^\0) 

11 

= fx6{s - Mx) + higher states . (11) 

For the second equation, as usual, we adopt a parametrization of one pole dominance for the ground state X and a 
continuum contribution. The sum rule analysis is then performed after the Borel transformation of the two expressions 
of the correlation function, iQl) and (flOl) 

/"OO 

e-''^''^p{s)ds. (12) 



nM)(M|)^s^,.H(p2) = I 
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Assuming that the contribution from the continuum states can be approximated well by the spectral density of OPE 
above a threshold value Sq (duality), we arrive at the sum rule equation 

n(M|) = /2.e"*^i/*4 = r e-'/''ip^s)ds . (13) 

Jo 

The use of the continuum function of OPE which is the basic assumption of the duality greatly simplifies the actual 
sum rule analyses. Although ambiguities coming from the uncertainties in the continuum contribution exist (36j . we 

shall rely on that assumption as in most of the previous studies. Differentiating Eq. p3)) with respect to yIT and 

dividing it by Eq. IT^l) . finally we obtain 

M'x^ \o -s/M^ ,i ■ (14) 

In this section, we show the QCD sum rule analysis of k using single currents S'f , V^, Tq, Aq and P^. The 
results for a, ao and /o are quite similar. We have performed the OPE calculation up to dimension eight by using 
Mathematica with FeynCalc [ssj . The results are 

^ s"^ _ m,.^s3 Ig'^GG) _ m,{qq) to^(ss) ^ 

PS3[S) 614407r6 30727r6 ^ 614477^ 1927r4 3847r4 ''"^ 
mljg^GG) ms{gqaGq) {ggf {qq){ss) 
^ 2048^6 1287r4 ^ 24^2 + 24n^ ^ ^ ' 

mljqq)^ _ m,{g^GG)(qq) ms{g^GG){ss) {qq){gqcrGq) {ss){gqaGq) (qq){gscrGs) 
127r2 7687r4 15367r4 247r2 487r2 487r2 

^ _ rus^s^ jg^GG) (qq) msjss) ^ 

^^^^""^ 153607r6 7687r6 ^ 4072^6 + 96,^4 + 96^4 )^ 
mlig^GG) ms{gqaGq) (qqf {qq){ss) 
^ 10247r6 1287r4 127r2 127r2 ^ 

_^m2(g(j)2 ms{g^GG){qq) ^ rUsig^GG) (ss) {qq){gqaGq) {ss){gqaGq) {qq){gsaGs) 



67r2 3847r4 7687r4 127r2 487r2 167r2 

ms's' , , ll(g^GG) , m^iss) ^ , UmUg^GG) , nm,{g^GG){-ss) 
P^'^'' ~ 1280716 64^6 +^ 768^6 + 256^6 192^4 ' ^^') 



rrig^s^ 5{g'^GG) ^^{qq) ms{ss) . 2 



76807r6 3847r6 ' 30727r6 487r4 487r4 ' 
57712(^2^0 , m,{gqaGq) , {qq)^ , 
10247r6 ^ 128^4 + 5^2 + 
™?(w)^ m,{g^GG){qq) bms{g^GG){ss) {qq){gq(jGq) {ss){gqaGq) 3(qq)(gsaGs) 



37r2 3847r4 7687r4 67r2 487r2 167r2 

^ _ m^2g3 Ig^GG) m,{qq) m,{ss) ^ 

PP^y'') 614407r6 30727r6 61447r6 ^ 1927r4 3847r4 

mlig^GG) ■ms{gqaGq) {qqf {qq){ss) 

^ 20487r6 1287r4 247r2 247r2 ^ ^ 

_^m2(gq)2 ^ ms{g^GG){qq) ^ ms{g^GG){ss) {qq){gqaGq) {ss){gqaGq) {qq){gsaGs) 



127r2 7687r4 15367r4 247r2 487r2 487r2 

In these equations, q represents a u or d quark, and s represents an s quark, (qq) and (ss) are dimension D = 'S quark 
condensates; (g'^GG) is a = 4 gluon condensate; (gqaGq) and (gsaGs) are D = 5 mixed condensates. 
For numerical calculations, we use the following values of condensates [ll. [39l. [iol. l4ll. |4^ [43l : 

(qq) = -(0.240 GeV)^ , 
(ss) = -(0.8 ± 0.1) X (0.240 GeV)3 , 
{g^GG) = (0.48 ±0.14) GeV^ 
m„ = 5.3 McV , iTid = 9.4 MeV , 

ms(l GeV) = 125±20 MeV, (20) 
(gsqaGq) = -M^ x (qq) , 
= (0.8 ± 0.2) GeV^ . 
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As usual we assume the vacuum saturation for higher dimensional operators such as {Q\qqqq\Q) ^ {Q\qq\Q) {Q\qq\Q) . 
There is a minus sign in the definition of the mixed condensate (ggqaGq), which is different with some other QCD 
sum rule calculation. This is just because the definition of coupling constant is different [39Ll45l|. 

For each single current, we have tested the QCD sum rule analysis, but the result is not good just as in our previous 
paper [2§). The spectral densities are shown in Fig. [2] as functions of the energy square s. Due to the insufficient 
convergence of the OPE, the positivity of p{s) may not be realized. We find that two functions of and Aq currents 
show such a bad behavior that p(s) becomes negative in the region of s = ^ 1 GeV^, and the QCD sum rule for 
these two single currents are not reliable. 




FIG. 2: Spectral densities p{s) for the currents S^', V^, T^, Ag and P-^ as functions of s, in units of GeV . 



The convergence of the OPE is another important issue. We show the Borel transformed correlation functions for 
positive case of V^, and with numerical coefficients: 
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= 2.0 X 10- 




- 1.5 X 10" 




+ 1.1 X 10 




-3.3 X 10" 
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(21) 
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From these expressions, we observe that the convergence of the currents VJf and is not very good at a typical 
energy scale Mb ~ 1 GeV. We have also calculated the pole contribution which is defined as 

Pole contribution = ■'^^ ' > (22) 

However, duo to the negative part of the spectral densities, the pole contribution is not well defined. Take the CTirrent 
as an example, when we choose sq = 1 GeV^ and Mb — 0.5 GeV, the pole contribution is 101%, which is larger 
than 100%, and does not make sense. The pole contribution is 26% for the current Tg', when we choose sq = 1 GeV^ 
and Mb = 0.6 GeV. 

Summarizing the QCD sum rule analysis for the single currents, including both the {qq){qq) currents and {qq){qq), 
we found that Tg gives the best QCD sum rule, which however is not yet good enough for quantitative discussion. In 
order to improve the sum rule, we move on to study their linear combinations, which are the mixed currents. 



IV. ANALYSIS OF MIXED CURRENTS 



We have performed the OPE calculation for the mixed currents rji and 772 up to dimension eight, which contains 
the four-quark condensates. The u and d quark masses are considered in the case of the a meson, and neglected in 
other cases. 

^^^^^ - 115207r6' 2887r6 ' + U2167r6 + 36^4 (23) 

, 6\/2 + 7 ,_2 , _2^/„2^r.^ , m„md(.g^GG) {ml + 4m^md + 4m„m^ + m^)(gg) ^ ^ 

+^ " Tsse^^""" + "^"^^^ + 512;^^ 

, (5m^ + 20m„md + 5m^)(gg)^ ^ 6\/2 + l ^ ^/ 2^^\/- \ (m^rrid + m„m^)(go-Gg) 

-I 7r3 1- 1 1 ro_d l.™" + ''nd)\g LrU)[qq) - 



- 11520^' " 2887r6 ' +^^216^^^^^^+ 36^3 

, 4V2 + 5 2, 2m 2rin\ munidilJ-GG) {7ru:l + + iiniuntj + 7iiij}{qq) ~ 

+ ^ " T024^^'"« + "^"^^^ 768^^^ 18^^^ • 

^ i2,ml + 40m.m^ + 25mlm^ ^ + m.){9^0G)iqq) 

{ml + 2mlmd + 2m„m^ + m\){qaGq) 



(24) 



187r4 

"^^'^ - 115207r6' 572776' + ^2167r6 + 7277* +^ 307277^ + 12877^ 

ms{g^GG){qq) {ss){qaGq) {qq){saGs) 6v^+7 , 2^^w- . 

384^^3 48^^+ 48^2 +^504^""^^^^^^^^'^' ^^^^ 

^^^'^ - 11520776' 572776' +^215776^^^^^+ 7277* +^ 3072776 128774 

, ms{g^GG){qq) , {rss){qaGq) {qq){saGs) , 6^/2 + 7 , 2^^^,- ^ 

+ ^84;?2 + ^^2 + ^504^-^(f GG)(..) , (26) 

^1 - II52O776' 288776' +^216776^^^^^+ 3677* ^' +^ 1536776 6774 

m,{g^GG){qq) Amjjqq)^ Amljssf 6^2 + 7 2^^w- ^ ..7. 

+ — TTl: — + — TT^ — + -TT^TT^msig GG){ss) , (27) 



192774 9772 9772 1152774 

^2 - II52O776' 288776' +^216776^^^^^+ 36774 +1 1536776 ""^^^ 6774 > 



s 



For (7, terms containing u,d quark masses are small. For instance, the term of mq{qq) of dimension four is about 
ten times smaller than the other term of {g'^GG). For k, ao and /o, the terms containing strangle quark mass are 
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important but those containing u and d quark masses are negligibly small. Therefore, we have ignored them in our 
sum rule analysis. 

To obtain a reliable a QCD sum rule, the mixed currents ryi and 772 are chosen with the following requirements: 

1. The OPE has a good convergence as going to terms of higher dimensional operators. This can be examined by 
the following numerical Borel transformed correlation functions, which have a good convergence 
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It is interesting to observe that the correlation functions of a have the most rapid convergence, justifying the 
use of a smaller Borel mass Mb than the other cases of k, uq and /q. 

The spectral densities p{s) become positive for almost all energy values, as shown in Fig. [31 This can be examined 
for all the mixed currents except 772 • Therefore, we need to change the mixing angle of yyf a little, which is from 
V2 to 1.37. 

Pole contribution is sufficiently large. By choosing suitable Borel mass Mb and threshold value sq, this can be 
satisfied. The Borel transformed correlation functions are written as power series of the Borel mass Mb ■ Since 
the Borel transformation suppresses the contributions from s > Mb, smaller values are preferred to suppress 
the continuum contributions also. However, for smaller Mb convergence of the OPE becomes worse. Therefore, 
we should find an optimal Mb preferably in a small value region. We have found that the minima of such a 
region are 0.5 GeV for <t, 0.6 GeV for k and 0.8 GeV for oq and /o, where the pole contributions reach around 
50 % for K, oq and /o, and is an acceptable amount for a, as shown in Table HTl The pole contribution for the 
mixed current rjl is improved as compared with the single current Tq. 



TABLE II: Pole contributions of various currents. 
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In the SU{S)f limit, we could find that the differences between pi and p2 vanish 
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(-10m2 + 20m„TO<i - 10ml){qq)^ (to„ + md){g^GG) (qq) 



277r2 

{ml - mlmd - m„m^ + ml){qaGq) 



96tt* 



187r4 
^2, 



p'{{s)-p1{s) 

pr{s)~pT{s) 



msiqcrGq) ms{g'^GG){qq) {ss){qaGq) {qq){saGs) 
-s — ' 



647r4 1927r4 
ms{g^GG){qq) 



247r2 



247r2 



(29) 



From Eqs. ([^5]) - ([^5]) . we find that the gluon condensates are quite important. In the chiral limit where all quark 
masses vanish, the masses of the scalar mesons are dictated only by the gluon condensate. Due to the small u and d 
quark masses, the mass of the a is dominated by the gluon condensate. For other masses, however, other condensates 
with ms also play a significant role. As quarks (in particular strange quark) become massive, the degeneracy resolves. 
We have also tested the case of the SU(3) limit but with the average quark mass, mg 50 MeV, and with average 
condensates. Then the mass of the scalar mesons turns out to be about 0.8-0.9 GeV. 
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0123 0123 
s [GeV^] s [GeV^] 



FIG. 3: Spectral densities p{s) for rji , ri2 , ryi , ri2 , rjl'^'^'^ and •^2'^'^'^, as functions of s, in units of GeV*. 



If the location of a physical state is well separated from the threshold Sq, slight change in sq should not affect 
much on the observables (mass) of the state. Hence we have searched the region where the tetraquark mass varies 
significantly less than the change in y/sQ. We have found such regions for sq at around 1 GeV^ from the minimum 
for a so(min) 0.5 GeV^, for k so(min) 1 GeV^ and for oq and /o so(min) ^1.7 GeV^, and up to about 1 GeV^ 
higher. 

After careful test of the sum rule for a wide range of parameter values of Mb and sq, we have found reliable sum 
rules, which are shown in Table IIIII It is interesting to observe that the masses appear roughly in the order of the 
number of strange quarks with roughly equal splitting. In Fig. [H the masses of the cr(600), k(800), ao(980) and 
/o(980) are shown as functions of the Borel mass Mb- As we see, the mass is very stable in a rather wide region of 
Borel mass Mb- 

The current 771 has the antisymmetric flavor structure and 772 has the symmetric flavor structure. By using these 
currents with different flavor structures, we arrive at similar QCD sum rule results. This suggests that the tetraquarks 
of different flavor structure may mix with each other, and the tetraquark states can contain diquark and antidiquark 
having the mixing of the symmetric flavor 6f ^ 6f and the antisymmetric flavor 3f (8) 3f , just like they can have a 
mixing of different color, spin and orbital symmetries. This is very much different from the ground baryon states, 
where the different flavor representations 8 and 10 correspond to different spins 1/2 and 3/2, which induces a mass 
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TABLE III: Masses of scalar nonet. 



Mass (MeV) 


a (600) 


k(800) 


ao(980) 


/o(980) 


Experiments (PDG) 


400 ~ 1200 


841 ± 30+?3 


984.7 ± 1.2 


980 ± 10 


QCD sum rule 


600 ± 100 


800 ± 100 


1000 ± 100 


1000 ± 100 


1 ^ 











> 

0) 

u 



ao,^(So=1.7) 



k(so=1) 




1 1.5 

3orel Mass [GeV] 



0.5 



FIG. 4: Masses of the a, k, ao and fo as tetraquark states calculated by the mixed currents rji (solid line) and 772 (dashed line), 
as functions of the Borel mass Mb- 



splitting between A(1232) and A^(939). 



V. FINITE DECAY WIDTH 



The scalar mesons have large decay widthes, and it is important to consider their effect. In this section, we use a 
Gaussian distribution for the phenomenal spectral density, instead of (5-function, 



FDWf 



1 



27rcr 



exp I 



exp( 



2 * cr^ 



)dy/s + higher states, 



(30) 



where as usual the lowest state denoted by X is isolated from the rest of higher states. The Gaussian width ax is 
related to the Breit-Wigner decay width T by ax = r/2.4. 

Again we assume the continuum contribution can be approximated by the spectral density of OPE above a threshold 
value So, and we arrive at the sum rule equation for state having a finite decay width 



n^^^(Af^) = 



1 



27rcr 



•2^P ( 7^ —)d^s ■ 



2a\ 



^r'/^'B p{s)ds . 



(31) 



For a given F, the mass can be obtained by solving the equation 



I-^ ^ ''/^^Bsexpi 



2^ 



)d^ 



Jo 



«sp(s)ds 



rr e-^/^^- exp ( ~ Jo" e-/^^Sp(.)d. 



(32) 



In Fig. [51 the masses of the a{600), k(800), ao(980) and /o(980) are shown as functions of the Borel mass Mb, 
by setting F = 0, 100, 200 and 400 MeV respectively. We find that after considering the finite decay width by 
using the Gaussian distribution, the predicted masses do not change significantly as far as the Borel mass is within 
a reasonable range, where we can still reproduce the experimental data. However, the question of finite decay width 
is very important, and we do not consider that our attempt to use the Gaussian form is the final. We need further 
investigations, which we would like to put as a future important work. 
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1.5 



1 . 5 



> 
o 



CO 



a„,fo(s =1.7) 



k(s„=1) 



. 5 



a(s„=0.5) 



> 

CD 



CO 
CO 

. 



k(s„=1) 



a(s,r0.5) 



I ' ' 1 I ' ' 1 

0.5 1 1.5 2 0.5 1 1.5 2 

Borel Mass [GeV] Borel Mass [GeV] 

FIG. 5: Masses of the a, k, ao and /o as tetraquark states calculated by the mixed currents 771 (left) and rj2 (right), as functions 
of the Borel mass Mb- For <j and k, the solid, short-dashed and long-dashed curves are obtained by setting F = 0, 200 and 
400 MeV respectively. For ao and /o, the solid, short-dashed and long-dashed curves are obtained by setting F = 0, 100 and 
200 MeV respectively. 



VI. CONVENTIONAL qq MESONS 



For comparison, we have also performed the QCD sum rule analysis using the qq current within the present 
framework. The QCD sum rule analyses of conventional qq mesons have been performed in Ref. [4^. l47l. l48l |43| . The 
sum rules using the current j — qiq2 are 



+ - ^]^("^i(.992crGg2) +m2(5gicrG(?i)) (33) 



IStt .gs ,_ w_ , 167r ffs /,_ ,2 , >2 



The masses of a and ao are predicted to be around 1.2 GeV, while the masses of k and /o are larger due to the 
strange quark content. Here again we have tested other values of Mb and sn, and confirmed that the result shown 
is optimal. These results are consistent with the previous work [iol. li?!. lisl. \^ . 



VII. SUMMARY 



We have performed the QCD sum rule analysis with tetraquark currents, and found the masses of scalar mesons in 
the region of 600 - 1000 MeV with the ordering, m„ < < mf^^ao- We have also used the conventional qq currents, 
and verified their masses around 1.2 GeV. We have tested all possible independent tetraquark currents as well as their 
linear combinations, and considered the effect of finite decay width. Our conclusions are, therefore, rather robust. 

The scalar tetraquark currents can have either the antisymmetric flavor or the symmetric flavor structures. We 
found that there are five independent currents for each state. We investigated Borel mass Mb and threshold value sq 
dependences, which are quite stable. The convergence of the OPE is also good, the positivity (of spectral density) is 
maintained, and the pole contribution is sufficient large. Therefore, we have achieved a QCD sum rule which is the 
best reliable within the present calculation of OPE. 

Our calculation supports a tetraquark structure for low-lying scalar mesons. We find that the gluon condensate is 
quite large in the OPE of the mixed currents, which is related to the question of the origin of the mass generation 
of hadrons f53| . We obtain similar results by using the currents having both the antisymmetric flavor structure and 
the symmetric flavor structure. This suggests that the tetraquark can have a mixing of different flavor symmetries, 
as well as different color, spin and orbital symmetries. There is a mass splitting due to the different flavor, color, spin 
and orbital structures. If this mass spitting is large enough to be observed in experiments, the tetraquark spectrum 
would become much more complicated; If the mass splitting is too small to be observed in experiments, a broad decay 
width would be observed. Such a tetraquark structure will open an alternative path toward the understanding of 
exotic multiquark dynamics which one does not experience in the conventional hadrons. 
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APPENDIX A: RELATIONS BETWEEN {qq){qq) AND {qq){qq) STRUCTURES 

In this appendix, we study the relations between {qq){qq) and (qq){qq) currents. We work under 
SU{3)c (8) SU{3)f (g) 5*0(1, 3)l, where the quark field q^^ has the color index a, flavor index A and Lorentz in- 
dex II. First, we consider the color and flavor structures. The interchange of both color and flavor does not need to 
be antisymmetric, due to the extra orbital and spin degrees of freedom. Therefore we can not use the Pauli principle 
such as Qaqt = ^qj^Qa within the color and flavor spaces. Altogether there are four types of diquark {qq) and four 
types of quark-antiquark (qq). They are shown in Table HVl where the sum over repeated indices (a, 6, • • • for color 
indices, A,B,--- for flavor indices) is taken. 



TABLE IV: Color and flavor structures of qq and qq 



(Color, Flavor) 


(3c, 3f) 


(3c, 6f) 


(6c, 3f) 


(6c, 6f) 


Diquark (qq) 


e^'^eABciq-^ql^) 


e-'^iq-^q^ +qSq^) 


eABc{qtqb +qtqa) 


{qaq? +qaqt) + {a^h) 


(Color, Flavor) 


(Ic, If) 


(Ic, 8f) 


(8c, If) 


(8c, 8f) 


Quark-antiquark (qq) 




^%(q^qS) 


K\q^q^) 


^iB'^'niqaqh) 



To construct a tetraquark by using {qq){qq), the color is either (3 3) (3(8) 3) 3(E)S 1 or (3 (X) 3) (X) (3(8) 3) 
6 «) 6 ^ 1; the flavor is (3 «) 3) (g) (3 «) 3) = (3 ® 6) «) (3 ®6) = 1 ® 8 ® 8 © 10 © 8_® 10 ® 1_® 8 © 27; To_construct a 
tetraquark by using (gq)(gg), the color is either (3 « 3) (3 (g) 3) ^ 1 1 ^ 1 or (3 (g) 3) (g) (3 (g) 3) ^ 8 8 ^ 1, with 
the same flavor structure as before. In Table fVl we show all possible color and flavor structures of tetraquark currents 
j.Fi(F2)^ Here Fi denotes the flavor representation of tetraquark; F2 and C show the intermediate flavor and color 
representations of either diquark (antidiquark) or quark-antiquark. S^^'~''^ is the totally symmetric matrix. Because 
we want to make a scalar tetraquark state, the diquark and antidiquark fields should have the same color, spin and 
orbital symmetries. Therefore, they must have the same flavor symmetry, which is either symmetric (6f g) 6f ) or 
antisymmetric (3f g) 3f). 

If the orbital and spin structure between the two quarks (two antiquarks) are symmetric, then the color-flavor 
structure of diquark (antidiquark) should be anti-symmetric, which means q^qj^ — —q^qa i^a'lb ~ ~^b^a)- I'^ ^^^^ 
case, we can verify 

^1(3) _ rj,e,(S) _ rTn8(3,6) _ „10(3,6) _ rTn8(6,3) _ „10(6,3) _ rTnl(6) _ .Tn8(6) _ rp27 {&) _ „ / . -. s 

J3 — J3 — J3 —^3 —^6 ~ ^6 ^^6 ^-'6 ^ -^6 ^ 'J ' l^^J 

If the orbital and spin structure between two quarks (two antiquarks) are anti-symmetric, then the color-flavor 
structure of diquark (antidiquark) should be symmetric, which means — 9b 9a (QaQb — 9b 'la)- Then we can 

verify 

rpl(3) _ rp8{3) _ rp8(3.6) _ yl0(3,6) _ rp8(6.3) _ rpl0(6.3) _ rpl(6) _ rp8{6) _ rp27{6) _ Q 
666 6 3 3 333 ' \ / 

Now let us discuss the Fierz rearrangement in order to relate {qq){qq) and {qq){qq) structures. First we perform it 
in the color and flavor spaces. To do this, it is convenient to consider the interchange of color indices: 

/^A B-C-£l^ _ -'^ ('„A„S-C-D\ , ^ \ab \cd f A B -C -D \ 
[Qa lb QaQb ) - gWa Qb lb la ) + l^^n K \1a Ic Id lb ) ^ 

\ab\cd(AB-C-D\_^^(AB^-D\ ^ \o.b \cd ( A B -C -D\ / A 

-^n K [Qa Ic Qb Qd ) - "9"Wa Qb Qb Qa ) " g^n [Qa Qc Qd Qb ) ■ l^'^J 
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TABLE V: Color and flavor structures of tetraquark currents 



(99) (99) 


(3 (g 3) (g (3 (g 3) ^ 3 ® 3 ^ Ic 


(3 ® 3) ® (3 ® 3) -» 6 ® 6 -> Ic 


(3 (g) 3) (g) (3 (g) 3) 
^ 3 (g) 3 ^ If 


e £ eASi5£ci3i!;(9a 96 )(9c 9d ) = -'3 


eASBecDB (g^gfc'' + qbqa){qaq? + g^^gf ) 

= 2tABEtcDE(q^qh)(^ q? + 9? ) = 2Tk^^^ 


-> 3 (g) 3 -> 8f 


' *iV i-j r via ^0 / V^iC ^ci / 3 


Af^£Asi5€cDF(9f gf )(9f gf + gfgf ) = t| 

iV -^-D J-' J-'' " VMtt MO / \Mtt MO ' MO Mtt / D 


— » 3 (g) 6 — > 8f 


abecde^DF^ ^ / „A B \ / -C -D\ _ r^H^,^) 
V- "-- "iv J2/ JT- "ao / Vtc TCI / — 3 


\DF / A B\/-C-D , -C-D\ ,7^8(3,6) 
Aat €ABE€CEF\Qn Oh )\Qn Oh -\- Oh Qn ) = la 


-> 3 (g) 6 -> lOf 


^aberde aCDE, ("^-^^S w -C -D \ _ rpl0{3,6) 

e e ,b e^sB (Qa Qb )(<lc Qd ) = ^3 


qCDE^ l„AB-,i-C-D , =C-,D^ _ ^10(3,6) 
>3 ^ABE(qa qb )[qa qb + 96 9a J = J 6 


-> 6 ® 3 8f 


^abecdesBF^ , / „A R \ / -C \ — rpS(G ,3) 

e e Xn eAEFecDE[qa 96 )(9c 9d ) = ^3 


Xn tAEFtCDE((la qb Ma qb + qb qa ) = -^6 


-» 6 (g) 3 -> lOf 




qABE^ f„AB\r-C^D , pfi ;rD\ _ ^^10(6, 3) 
b ecDE{qa qb )(9a 96 + 96 9a ) = J^e 


-»6(g)6->lf 


= 2e°'"=e'='*'=(gf )(9^gf + 9^) s 2T3 ^^^^ 


{qUb + qaqb){qaqb + qUb + (a « h)) 

= '2(qaqb){qaqb + qaQb + (« ^ b)) = 2t}^^^ 

VMt*rTO/\71U'TU ' MtlrTlV ■ V // O 


-» 6 (gi 6 -> 8f 




A^c(9f 96^ + qSq^m^q^ + qSq^ + {a ^ b)) s T«(«) 


-> 6 (g 6 ^ 27f 


Aabcbe e [qa Qb Mc qd j = T3 


SABCoiqa qb )(9a 9b + 96 9a ) = ^6 


(99) (99) 


(3 ® 3) ® (3 ® 3) -> 1 (g> 1 Ic 


(3 3) ® (3 ® 3) 8 (g 8 -» Ic 


(3 (g 3) (g (3 (g 3) 
^ 1 ® 1 ^ If 


(9f9a^)(9-6V)=T^^^ 


(9^ Af g,^)(gf A^-^g^^) = T^^^^^ 


— > 1 (g) 8 — » 8f 


Asc(9^9f )(9f 96^) = rf'' 


A^r(9a Af gfc^)(gf A5;<*g?) s tI 

' O \MCl '*Tl MO / \MC "TX Ma / O 


-» 8 (g> 1 8f 


Agc(9f 9?)(9^96^) = ^' 


Afc(9f Af gf )(g^A=<^g^) = Tg^^*' 


^ 8 (g 8 ^ If 


(9.^A^5gf )(9f A^^gf ) = T.^^^' 


(9a A^ ^ABqb )(9c^A^ ^COqd ) — -^8^ ^ 


-> 8 ® 8 -> 8f 


Xfi'^tACEtBDFiqUaMqb) = ^1 


\FB^ ^ lp;A\ab„B\/^ \cd„D\ — rpS{,S) 
Xn tACEtBDF{qa A„ g;, ){qc X„ q^ ) = Ig 


-» 8 (g 8 8f 


Ar£ACBeDf.F(gf gf )(gf 96°) = 


\BF ^ , /^Axab„B\i-iC \cd„D\ — rjiS'(S) 

Ajv eACE€DEF\qa A„ gj, j(gc A„ g^ j = Jg 


-> 8 (g) 8 lOf 


eACB5BDB(g-f gf )(gf gf ) = T,^"'"' 


C /' \a6„S\/ -C \cd„r>\ _ Tnl0(8) 

eACB6BDE(ga A„ gi, )(gc A„ g^ ) = Tg 


-> 8 ® 8 ^ lOf 


eBDBSACB(g^gf )(gf gf ) = T^^"''^' 


O ( piA^abB\,-C \cdn\ _ rpiO'iS.) 
eBDEOACE^qa A„ g;, Mc X„ q^ ) = Ig 


-» 8 (g 8 -> 27f 


5ABCi3(g-fgf)(9fg6^) = Trw 


C ^;7'4\a6„B\/=C\cd„DN _ Ti27(8) 
OABCD{qa A„ g;, j(gc A„ g^ j = ig 



We can obtain the same result for flavor structure. 
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Let us take T3 as an example, and perform the simultaneous interchange of both color and flavor indices 

Because we only consider the color and flavor structures, by changing the ordering of the second quark and third 
quark, we arrive at the result: 

+ jA^5A^^Af A^^'^Cgf ) . 



.1(1) _ 1 1(1) _ 1 1(8) 1 1(8) ^ 

913831-^48 \ J 



Next we perform the Fierz rearrangement in the Lorentz indices. The formulae is: 

{l)a(3{l\s = i(l)a5(l)7/3 + ^(7,*)a5(7'')7/3 + ^{cri^u)a5{(T^'')^l3 - ^(7/^75)a5(7''75)7/3 + ^{l5)a5(,l5)^l3 ■ (A5) 

By using this equation, we can obtain various relations such as 

~i{q^fC^BC{qmiq?l5q^) 

= -liq^qtm^qt) + \{q?i,q^)iq^'rq^) + ^(^t^^^^a a^'-gf ) 

+ \{q?7,7^qt){q?7'l6q^) - \{qS75q^){€lnq^) ■ (A6) 

In order to label the Lorentz structure for a scalar tetraquark field, we introduce S, V, T, A and P instead of T: 

S for iq'^Cj5q){q-f5Cq'^) and {qq){qq) , 
V for {q^ C-i^-i5q){qi''l5Cf) and {qi^,q){qi^q) , 
T for {q^Ca^,q){qa^^Cf) and {qa^.q){qa''-q) , 
A for {q^C^^q){q-i>'Cf) and (97/^759) (97''75g) , 
P for {q^Cq){qCf) and {q-y5q){q75q) ■ 



For example. 



Sr^'^ ^ SABcniq^^C^Mq^l^Cqr + q^^.Cq^ , 

^ SABCD{qtiX)iq?rqb) ■ (A7) 
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Diquarks belonging to T and A have a symmetric Lorentz structure (see Eq. IA1[) 

(C7p)a/3 — {C^fi)f3a , {Caf^u)af3 = iC(Tf_iu)l3a , (A8) 

so they have an anti-symmetric color-flavor structure. Therefore, currents having the symmetric color-flavor structure 
vanish, such as 

^1(3) ^ e^b^e^<^^eABEecDE{{qtfCj,q^){q^rC{qm = ■ (A9) 
Similarly, diquarks belonging to S, V and P have an anti-symmetric Lorentz structure (see Eq. IA2[) 

{C)aP = -{C)pa , (C7^75)a/3 = -{Cjf,^5)l3a , {Cj5)at3 = -{Cj5)pa , (AlO) 

and so they have a symmetric color-flavor structure. 

By now, we have known the flavor, color and Lorentz structures of scalar tetraquark fields, for both {qq){qq) and 
{qq){qq) structures, and are ready to derive some relations. 

1. Specifying the flavor structure 

In order to establish the relations, we need to specify the flavor quantum numbers of the tetraquark currents. As 
we are considering in this work, let us choose the flavor octet states (3(E)3)(8'(3(S)3) 3^3 ^ 8f for the illustration. 
In this case, diquarks and antidiquarks have an anti-symmetric flavor structure, and we can verify 

^8(3) ^ ^^8(3) ^ ^8(3) ^ ^8(3) ^ ^8(3) ^ q _ ^^^^^ 

Therefore, there are five types of {qq){qq) fields which are non-zero and independent: 

qS{3) T.8(3) ^8(3) .8(3) p8(3) 

while all ten types remain for the {qq){qq) fields: 

o8(8) 1/8(8) „8(8) .8(8) p8(8) ^8(8) ,,8(8) „8(8) .8(8) p8(8) 
'-'l T^l i-^l 7*^8 ' 8 '^8 '^8 ' 

Among these ten {qq){qq) fields, only five are independent. We can derive the following five equation by applying the 
Fierz transformation for the {qq){qq) fields: 

c8(8) _ lc-8(8) lx. 8(8) 1^8(8) ^48(8) 1 p8(8) 

^8 - -g^i +4^1 -2^1 , 

y/^*^ = 25*1^^' - -yf - aI'^^^ - 2Pf 

j.8(8) ^ g^8(8) _ 5^8(8) ^ g^8(8) ^^^2) 

Ag'^' = -25i*^^ - Vf - -AI'-^^ + 2Pf 

p8(8) _ 1(;.8(8) 1,,8(8) 1„8(8) 1 ,8(8) 1 p8(8) 

^« - 'Y^ +4^1 +2^1 ■ 

Employing the five currents on the left hand sides of Eqs. (jAl2|) as independent ones, and applying the Fierz 
transformation, we can establish the following relations among the five {qq){qq) and five {qq){qq) structures: 



08(3) 

•^3 


1 c,8(8) 

- 2*1 


1ta8(8) 1^8(8) 1 .8(8) 

+4^1 "2^1 " 


1 p8(8) 

2^1 


T/8(3) 
^3 


= 25f«) - 


^8(8)^^8(8)_2p«(«), 




7^8(3) 




2^8(8) ^ gp8(8) ^ 




.8(3) 
^6 


= 2Sl^^^ + 


y8(8) _ ^8(8) _ 2p8(8) 




p8(3) 
^3 


_ 1 c.8(8) 

- 2*1 


I 1t/8(8) 1^8(8) 1 .8(8) 

+ +2^1 - 


1 p8(8) 
2^1 



(A13) 
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2. Specifying the color structure 

For completeness of mathematical structure, one can specify the color quantum numbers for the currents rather the 
flavor ones. For illustration, let us consider the color structure (3(8)3)® (3(g) 3) ^ 3® 3 Ic- In order to establish the 
relations between {qq){qq) and {qq){qq) currents, we find that we need two flavor structures: (3f (8) 3f) (g) (3f (8) 3f) 
3f (g) 3f ^ If and (3f (g) 3f ) (g) (3f (g 3f ) ^ 6f g) 6f ^ If. 

In this case, diquarks and antidiquarks have an anti-symmetric color structure. By using the Pauli principle, we 
can verify 

^1(6) ^ ^^1(6) ^ yM3) ^ ^1(3) ^ ^1(6) ^ Q ^^^4^ 

Therefore, there are five types of {qq){qq) fields, which are non-zero and independent: 

01(3) ,.1(3) ^1(6) .1(6) pl(3) 
*^3 J ^3 ' -^3 I ^3 I ^3 

The single {qq){qq) fields can not have an anti-symmetric color structure. Therefore, we need to use their combinations. 
By using Eq. (|A3ll . {qq){qq) fields can be combined to have an anti-symmetric color structure: 

= Isl^'' - ^^s^^^^ - ^3^^^^ , (A15) 
Altogether there are ten types of non- vanishing {qq){qq) currents: 

0-1(1) ,,1(1) „1(1) ^l(l) pl(l) ^-1(8) T/l(8) 7^1(8) ^1(8) pl(8) 
"^3 ' "^S ^^3 1^3 1^3 J *^3 '"^3 '^3 '^3 '^3 

Once again, among them only five are independent 



ol(8) 
•^3 

^^1(8) 


6 3 

= 2Sl^^^ - 




+ \t^^'' - \aT 


1 pi(i) 


7^1(8) 
^3 


= 6Sl^'^ - 


3 ^ 










= -2Sl^'^ 


'^3 


3 ^ 






pl(8) 
^3 


= Isl^'^ 

2 3 


-IV3^^^U 


4 


- -aT - 

2 3 


ip3^(^). 
6 ^ 



(A16) 



The relations between {qq){qq) and {qq){qq) structures are: 



c;.l(3) 
•^3 


= -W"^ 

2 3 


2 3 '43 2 3 


2 3 


yl(3) 
''3 


= 253^(^) - 


V3^(l)+4(l)-2P3^(^', 




^1(6) 
^3 


= 6Sl^^^ + 


r3^(i) + 6P3^(^) , 




.1(6) 
^3 


= 2Sl^^^ + 






pl(3) 
^3 


= -Isl^'^ 

2 3 


1 2 3 ' ^ 3 ^ 2 ^ 


ip3i(i) 
2 3 



(A17) 



3. Specifying tlie Lorentz structure 

Finally, let us consider the case where the Lorentz structure is specified. As an illustration, let us consider a 
tetraquark current {q^ C"f^q){q^^C(f). Possible color structures are (3(g3)(g (3g)3) — > 3(g3 Ic and (3(g3)(g (3(g 
3) ^ 6g)6 ^ Ic; and possible flavor structures are (3g)3)(g (3(g3) ^ 3(g3 ^ If and (3(g3)(g (3(g3) ^ 6g)6 ^ If. 

By using the Pauli principle, we can verify 

^i***) = Sl^^^ = . (A18) 
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Therefore, there are two currents which are non-zero and independent: 

^1(3) ^ e^be^cde^^^^^^^^^^A^^^^B^^^-C^^c-Dy 

Se^'^ = (<7^C75gf)(g-f75Cg-f + g-f75Cgf + («<->&)), 

Now from the combination of quark and antiquark, possible color structures are (3 (X) 3) (X) (3 (X) 3) 1 (X 1 Ic 
and (3 (X 3_) (X (3 Xi 3) ^ 8 Xi 8 ^ Ic; and possible flavor structures are (3 (X 3) (X (3 X" 3) 1 X" 1 If and 
(3 X) 3) X) (3 X) 3) ^ 8 X) 8 —> If . Therefore, there are four non-vanishing currents: 

Pi'^'^ = (9a^C75gf)(gt75Cg-f), 

P.'"' = X%X^nil^Cj,q^){q^^,Cq^), 
Ps^"^ = X%X^DK'K%tCl,q?){q^l,Cq^). 

The Lorentz structure is still specified to be {q^ C"f^q){q^^Cq^). However, if we interchange the second quark and 
third antiquark as done in Eq. (|A4[) within the color and flavor spaces structures, They are now "{qq){qq)" currents. 
Among them, only two are independent, through the following relations: 

p/l(8) _ p/l(l) 

^,1(8) ^ ^p^d) _ 4^,1(1) _ ^^^g^ 

Finally, relations between the {qq){qq) and "(99) (?<?)" currents are 

c,l(3) ^ Ip'l(l) _ p'l(l) 
3 Q 1 8 ' 



^1(6) ^ ^paw^paw^ ^^20) 
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